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High-Speed Road Monitoring System

P.G. JORDAN AND J. PORTER

A high-speed road monitoring system has been developed at the Transport
and Road Research Laboratory. It consists of four laser sensors mounted on
a 4.5-m-long beam that is supported by a two-wheeled trailer towed behind

a small van. Measurements are made by the configuration of laser sensors
under the control of a computer system located in the vehicle behind which
the trailer is towed. Longitudinal profile, wheel-track rutting, and surface
macrotexture are measured as the system travels over the road networks in
the normal traffic stream; provision is being made for the measurement of
road crossfall, gradient, and horizontal curvature. The principles of system
operation in the different measurement modes are described and iflustrated.
Use of the measurements made by the high-speed system in studies of the ef-
fects of unevenness on the road user and in detecting structural deterioration
of roads is described. Its potential for use in making surveys of the road net-
work at a relatively low cost, locating areas of distress, and guiding the deploy-
ment of other, more specialized equipment is discussed within the context of
the development of a cost-effective maintenance management system.

Large sums of money are being spent throughout the
world on road maintenance. Effective use of these
funds demands careful allocation of resources. 1In
the United Kingdom the Report of the Committee on
Highway Maintenance (l) recommended that highway au-~
thorities should use an objective maintenance rating
system as the basis of regular road inspections. In
answer to this recommendation, various computerized
highway maintenance systems (2) have been developed
and are in widespread use in the United Kingdom.
All rely heavily on visual inspection to assess the
condition of the road surface by reference to, for
example, wheel~track rutting and surface cracking.
These visual condition surveys are increasingly be-
ing augmented by input from machines that monitor
various aspects of road condition more guickly than
could a team of inspectors.

A high-speed monitoring system that measures a
number of different aspects of road condition has
recently been developed at the Transport and Road
Research Laboratory (TRRL). Measurements are made
by the system as it travels over the network in the
normal traffic stream. The power of the equipment
lies in its ability to cover a large distance each
day, gather surface profile and alignment data that
describe the condition of the network, and guide the

deployment of other slower, more specialized evalua-
tion equipment.

In this paper, the road monitoring system is de-
scribed and its use in research on the effects of
surface unevenness and its development as a compo-
nent part of a total maintenance management system
are discussed.

DESCRIPTION OF THE SYSTEM AND ITS USE

The high~speed road monitoring system (3), shown in
Figure 1, is a laser-based system that accurately
measures road surface characteristics. Its on-board
computer facilities, shown schematically in Figure
2, provide both measurement control and an on-site
data-processing capability. The system operates at
speeds between 5 and 80 km/h, and its performance is
not affected by variations in speed. With a driver
and one operator, it can cover as much as 200 km of
profile, rutting, texture, and road alignment param-
eters each day. Data are stored on floppy disks and
can be either processed on site or transferred to a
central mainframe computer for permanent storage and
further processing.

Figure 1. High-speed road monitoring system.
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Figure 2. Computer control and analysis facilities of high-speed road monitoring system.
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beam in the configuration shown in Figure 4. The
sensor configuration provides two profile measuring

The essential features of the laser sensor (4) are systems: the symmetric (SYM) and the asymmetric
shown in Figure 3. Laser light projection and re=- (ASY). FEach measures a different range of wave~
ceiving units are fixed to a rigid beam in such a lengths. Profile features with wavelengths greater

way that the projection and receiving axes are or-
thogonal., The semiconductor laser source produces
infrared light at pulse rates up to 3000/sec. The
lens in the projection unit focuses the light from
the laser on a 0.3-mm? spot on the road surface.
This light is diffusely scattered by the surface;
some is collected by the lens in the receiving unit
and focused onto a linear array of photodiodes.

When the surface is displaced vertically in rela-
tion to the sensor, the illuminated spot moves along
the axis of the projection beam. Because the pro-
jection and receiving axes are orthogonal, the image
of the illuminated area formed on the diode array
moves along the array and remains in focus, as shown
in Figure 3. By detecting which diode in the array
has maximum light intensity, the vertical distance
of the sensor from the surface can be calculated.

The sensor has a working range of 72 mm centered
at a point 270 mm from the sensor, and resolution is
+0.282 mm over the full working range.

Profile Measurement

For profile measurement the high-speed system (5)
uses four laser sensors fitted to a 4.5-m-long rigid

Figure 3. Essential features of laser sensor,
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than 10 m are measured by using the SYM system (sen-
sors A, C, and D in Fiqure 4); this computes the
average profile height over a 2.l14-m length (every
2.14 m) to give the long-wavelength profile of the
road. The ASY system (sensors A, B, and D in Figure
4) is used to determine the profile in the 0.3~ to
20-m wavelength range in terms of the average pro-
file height over a 0.,107-m length (every 0.107 m
along the road). A single composite profile con-
taining the wavelengths measured by both systems is
obtained by superimposing the ASY profile on that
measured by the SYM system.

The principle of operation of the profilometer is
described in detail elsewhere (5). Its main fea-
tures can be briefly illustrated by referring to the
SYM measuring system. By moving the equipment for-
ward a distance equal to that between the SYM sen-
sors, the average heights hp, hg, and hp of
each of the sensors A, C, and D above the road sur-
face can be computed. The averaged profile height
(Yl) of the road traversed by sensor D is referred
to a datum line defined by joining the averaged
heights at the center points of the lengths tra-
versed by sensors A and C to give the averaged char-
acteristic measurement (Ujp) of the SYM system:
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Y; =U; =~ (hs —2he +hp) 1

An important feature of Equation 1 is that the
characteristic measurement U; is, for all practi-
cal purposes, unaffected by changes in height or
pitching of the equipment provided the surface re-
mains within the working range of the sensors.

The equipment is now moved forward so that the
positions along the surface of the averaged profile
heights measured by sensors C and D are coincident
with the positions of previous measurements of sen-
sors A and C. The new averaged profile height (Y,)
is calculated by using the averaged characteristic
measurements U; and U, as follows:

Y, =2U; + U, 2)
In general, after n steps the averaged profile
height (¥,) is given by
n
Yo=2 (n-i+t DY (3)
i=1

i=

In the ASY system the spacing of sensors A and B
in Figure 4 is 0.05 that of the SYM sensors and ASY
measurements are obtained at this spacing. By using
a derivation similar to that given previously, it
can be shown that after m steps the profile height
(Yp,) of the ASY system averaged over the ASY step
length is given by

Ym = [40 Y(m~1) - Y(m—40) +39 Wm]/39 (4)

where W is the averaged characteristic measurement
of the ASY system, which in terms of the averaged

sensor measurements (hA, hB' and hp) is given
by
W=—(39h, ~40hg + hp)/39 (%)

Equation 3 defines the long~wavelength features
of the profile and Equation 4 dJdefines the short-
wavelength features. A composite profile containing
both the long- and short-wave features is obtained
by superimposing the ASY measurements on the SYM
measurements by using a piecewise 1linear fitting
process that is described in detail elsewhere (5).
The low center of gravity of the trailer combined
with the averaging used to reduce the effects of
texture ensure that roll has a negligible effect on
the measurements.

The performance of the TRRL high-speed system has
been extensively investigated, not only by TRRL (5)
but also independently by Bundesanstalt fur Stras-
senwessen (BAST) of West Germany (6). TRRL made de~
tailed rod~-and-~level surveys at 0.l-m spacing, and
BAST made continuous measurements with their pro-
filograph along a defined line previously measured
by the high-speed egquipment. Bituminous and con-
crete surfacings containing different levels of
short- and long-wave unevenness were measured. When
the survey and high-speed measurements were corre-
lated, coefficient values ranged from 0.96 toc 0.99
for the surfacings examined and for profile wave-
lengths up to 50 m. For wavelengths up to 100 m the
correlation coefficient is 0.95.

Figure 5 shows the system to have good amplitude
and phase response between 0,5 and 100 m: good re-
sponse is obtained up to wavelengths of several
hundred meters, the upper 1limit being determined
mainly by the level of macrotexture on the road sur-
face (5). For wavelengths shorter than 0.5 m the
amplitude response decreases because of the averag-
ing involved in the derivation of the ASY measure-
ments.

Accuracy of measurement is affected by road sur-
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Figure 4. Sensor configuration on rigid beam for profile measurement.
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face and machine factors; the maximum tolerances ex-
pected for the measurement of amplitudes at wave-
lengths up to 100 m are shown in Figure 5. The
ability of the system to measure long wavelengths
accurately means that it can be used to examine not
only the riding quality of highways and airfields
but also subsidence problems. An example of sub-
sidence measured over an 800-m length of concrete
pavement is shown in Figure 6. Comparison with con~
ventional survey measurements on this site showed
agreement to be within 10 percent at the maximum am-~
plitude.

Measurement of Wheel-Track Rutting

The method used for the measurement of wheel-track
rutting (7) is shown in Figure 7. The wheels of the
trailer ride in the ruts, and the laser sensor con-
tinuously measures the axle displacement from the
road surface along a line centered between the wheel
tracks. The difference between the axle displace-
ment measured on a rutted surface and the data ob-
tained on a nonrutted surface gives the rut depth
averaged over both wheel tracks as shown in Figure 7.

To smooth the effect of the oscillatory motion of
the trailer on its suspension, the rut measurements
are averaged over a length directly proportional to
the speed of the measuring system: e.g,, for an op=-
erating speed of 50 km/h the length is 20 m.

Comparisons between, measurements obtained by us-
ing the laser system and average rut depths derived
from straightedge and wedge measurements show agree-
ment to within 2 mm on major rocads and 3 mm on minor
roads (the difference arises from the greater camber
on minor roads) (7).

Examples of rut depth profiles obtained by using
the laser system at normal traffic speed on a mo-
torway and on a single-carriageway principal road
are compared in Figure 8 with rutting levels based
on CHART system recommendations (2). The motorway
is shown to have an acceptable level of rutting, but
the principal road has sections that would require
further investigation.

The computer facilities, shown in Figure 2, en-
able the storage of as much as 500 km of rut data
per floppy disk. Lengths of road with critical
levels of rutting can be located quickly by using
the on~board analysis programs.

Measurement of Macrotexture

Macrotexture is measured (8) by using sensor C of
the high-speed road monitoring system (Figure 4),
which measures about 3,000 displacements/sec as it
moves over the surface. The macrotexture appears in
the form of small random variations in the measure-
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Figure 5. Amplitude and phase-response measurement tolerances of amplitude.
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Figure 6. Measurement of subsidence profile on a continuously reinforced concrete

pavement by the high-speed road monitoring system.
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ments superimposed on the much larger oscillatory
motion induced by the trailer suspension (see Figure
9). To obtain a measure of the macrotexture depth
(8), the oscillatory motion is characterized by a
piecewise parabolic curve-fitting procedure. The
texture depth 1is then calculated in terms of the
standard deviation of the residual displacements, as
shown in Figure 9. The standard deviation of tex~
ture depth is calculated over short lengths of sur-
face, usually 0.3 m; it can be presented in the form
of a histogram or profile of texture depth along the
road surface.

Comparison of texture measurements made by the
laser sensor with those made by the more traditional
sand-patch method (3) show good agreement: correla-
tion coefficients exceed 0.9 (8). Selected sections
of motorway ranging from 6 to 21 km long have been
measured by using the laser system. The results
have shown that the system is capable of continuous
measurement of macrotexture at operating speeds up
to 35 km/h (9). On grooved concrete surfaces the
laser system has also been successfully applied to
the measurement of groove depth and spacing (10).

Measurement of Road Cross Slope and Radius
of Curvature

By using essentially the system shown in Figure 2
but with the addition of transverse and longitudi-
nally positioned inclinometers, the capability to
measure road gradient, crossfall, and radius of cur-
vature of bends is being incorporated into the high-
speed road monitoring system. The radius of curva-

by using the difference in
the wheels of the trailer
gradient and crossfall are
derived from inclinometer measurements. The effects
of radial acceleration on crossfall measurements are
corrected by using the measured radius of curva-
ture, Trailer roll effects are reduced to an ac-
ceptable level by averaging the crossfall measure-
ments over a length that is related to operating
speed; typically, a length of 20 m is used for a
speed of 50 km/h.

Preliminary test trials have shown system mea-
surements to be in good agreement with those ob-
tained by using conventional survey methods.

ture of bends is computed
the distances traveled by
on rounding a bend. Road

RESEARCH ON EFFECTS OF ROAD SURFACE UNEVENNESS

To exploit fully the capabilities of the road moni-
toring system, more must be known about the effect
of surface unevenness on (a) the comfort and safety
of the road user, (b) vehicle operating costs, (c)
damage to the road structure, and (d) occupants of
buildings adjacent to busy roads. At TRRL the vari-
ous aspects of this problem are being investigated
to determine the consequences of surface deteriora-
tion and, ultimately, define intervention levels for
maintenance purposes.

Effect on Road Users

As a result of extensive studies (11,12) ride as-
sessment by vehicle occupants has been related to
surface unevenness. In these studies vehicle vibra-
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Figure 7. Measurement of wheel-track rutting with high-speed road monitoring system.
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Figure 9. Meastirement of macrotexture with laser sensor system.
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tion, defined by the root mean square (RMS) of ver-
tical acceleration, was correlated with subjective
assessments of ride by both a panel of expert as-
sessors and large samples of the motoring public
driving their own vehicles over selected sites. The
test sites had a range of unevenness and carried
‘traffic operating at speeds greater than 70 km/h.
Because of the inherent variability of the subjec-
tive assessments, the results of the studies have
been interpreted in probabilistic terms. Relations
have been computed that give the probability of a
ride being rated acceptable or better for given
levels of RMS acceleration. For RMS accelerations
of less than 0.04 g the analyses show that 90 per-
cent of motorists in automobiles rated the ride as
acceptable or better. Motorists driving their own
cars were found to be less critical of ride than the
panel of expert assessors and truck drivers, and bus
passengers were more tolerant of vibration than
automobile passengers.

By using profiles of the test sites measured by
the road monitoring system, the RMS acceleration
values have been correlated with unevenness to give
ride criteria for new and in-service roads. Figure
10 shows evenness criteria for roads with traffic

|

‘-L Principal road

Critical

speeds dgreater than 70 km/h; unevenness is defined
in Figure 10 in terms of the variance of profile
deviations from a moving-average datum. Each vari-
ance value reflects the profile unevenness that is
associated with profile features less than or equal
to the length of the moving average. In the practi-
cal application of these criteria, profiles measured
by the road monitoring system would be analyzed by
using the on-board computer to give the variance
values associated with moving~average lengths of 3,
7, 10, and 15 m for comparison with the criteria and
thereby define the riding quality of the profile.
This analysis is made based on profile lengths se-
lected by the user, typically 300 m in the United
Kingdom.

The effect of unevenness on traffic speed has
been investigated as part of a general study of the
consequences of surface deterioration (13). The
level of unevenness at which traffic speed began to
be affected on major roads in the United Kingdom is
shown in Figure 10. It was concluded that, under
existing maintenance practice, deterioration of the
surface profile was unlikely to cause a decrease in
traffic speed of more than 3 km/h on major roads.
Because there are relatively few major roads in the
United Kingdom on which unevenness exceeds the level
shown - in Figure 10, the benefit to road users, in
relation to reduced travel times, from improving the
profiles on major roads is marginal.

Other consequences that are being investigated
include vehicle maintenance and fuel consumption. A
pilot survey of vehicle fleet operators indicated
that vehicle maintenance was not affected by the
levels of unevenness on major roads in the United
Kingdom., On other roads there was some indication
of an increase in vehicle maintenance that was as-
cribed to unevenness.
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Figure 10. Ride (evenness) criteria for use on major in-service roads.
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The effects of unevenness on energy dissipation
through tire damping and suspension losses and,
hence, fuel consumption are being examined. Initial
results show that there is a small but significant
increase in energy dissipation for vehicles operat-
ing on roads that have levels of unevenness repre-
sentative of those found on some urban and minor
rural roads; the level of energy dissipation depends
on vehicle speed and on the spectrum of surface un-
evenness.

Skidding and Safety

The safety of the road user is a primary considera-
tion of the maintenance engineer in evaluating the
condition of in-service roads. Road safety is a
complex issue involving the road user, the vehicle,
climate, and road conditions. Although it is diffi-
cult to quantify the contribution of these elements
to road safety, it has been estimated that road-
related factors are involved in about a quarter of
all road vehicle accidents (14). Skid resistance,
particularly in wet conditions, has been shown to
have a significant effect on accident.risk (14).
Aggregate characteristics, surface texture, and, to
a lesser extent, rutting are directly related to
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skid resistance (15), but their effect in any given
situation is also greatly affected by road align-
ment. By using the data provided by the high-speed
road monitor together with skid resistance data, the
effect of road alignment and road surface parameters
(both individually and in combination) on accident
risk can be examined by means of correlation meth-
ods. Once the parameter levels associated with a
significant accident risk were determined from stud-
ies, the equipment would be used to survey road
alignment and surface condition to locate those sec-
tions of the network that have a significant acci-
dent risk. With a knowledge of traffic densities
and speeds, the cost in human and material resources
of road~related safety measures can be better es-
timated.

Structural Deterioration

The traditional method of detecting structural de-
terioration on roads in the United Kingdom is visual
inspection. The development of the deflectograph
(16) and of criteria for interpreting its measure-
ments (17) has resulted in widespread use of this
instrument as a means of providing an objective
evaluation of structural conditions in quantitative
terms. A disadvantage of both visual inspection and
the deflectograph for survey work is their relative
slowness.

The high-speed road monitor has been used to
carry out a continuing survey of longitudinal pro-
file on a sample of different road constructions
over a period of 4 years. BAnalysis of the data from
this survey shows that the rate of change of uneven-
ness correlates better with the structural condition
of pavements than does the absolute level of uneven-
ness; the rate of change of unevenness, defined as
the proportional change in profile variance over 10
percent of the nominal life of the test site, was
computed for each 25-m length of each test site.
The profile variance was computed in relation to a
datum derived from a 3-m moving average of the pro-
file.

Work is continuing on the development of criteria
for the early detection of structural distress on
major roads. In practice, those sections where
structural distress was indicated would then be sur-
veyed in detail by using the deflectograph and vis-
ual inspection to ascertain the nature and extent of
the distress and determine the necessary strengthen-
ing treatments (17).

PAVEMENT MAINTENANCE OPTIMIZATION

With about £10,000/km being spent each year on main-
tenance of the U.K. trunk road system and more than
£1,000 on other roads [£1 = U.S. $2.32 (1980)] there
is clearly scope for investing money in techniques
and equipment that help to reduce the total annual
maintenance bill and allocate the available funds in
the most cost-effective manner.

In response to economic pressures maintenance
management has developed slowly over the years. As
new equipment and techniques have become available
they have been put to effective use, but without
producing a complete solution to the overall problem
of allocating resources. The techniques used in-
clude engineering judgment; visual inspection in
surveys such as CHART, which cost between £30/km
(rural) and £250/km (urban); SCRIM, which costs
£10/km; and the deflectograph, which costs £90/km.
With the advent of the high-speed road monitor,
which can survey the network at up to 200 km/day at
a cost of about £5/lane-~km, and parallel improvement
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of the bump integrator (18), two powerful survey
tools have been made available that can take the
subjective judgment out of the first stage of in-
specting the network.

For the development of a satisfactory economic
model of maintenance management, the various mea-
sures of pavement condition should be 1linked to
costs of remedial treatment, vehicle operating cost,
and non-road-user costs. The results of road condi-
tion surveys might then be used to adjust mainte-
nance interventions to minimize the total discounted
cost to the community.

In a road investment model developed by the Over-
seas Unit of TRRL for use in countries with unpaved
roads, an economic optimum is more closely ap-
proached by taking into account the effect of high-
way maintenance standards on vehicle operating costs
(19). Vehicle operating costs are, of course, much
less affected by the relatively lower levels of de-
terioration of the generally better-quality paved
surfaces in developed countries, However, the ac-
curacy of measurement and the processing capability
of the high-speed road monitor allied with studies
on the effects of unevenness such as those described
previously now provide a means of examining this
difficult problem.

CONCLUSIONS

Described in this paper is the operation of a high-
speed road monitoring system developed at TRRL that
measures longitudinal profile, rut depth, and sur~
face texture. Work is underway to include cross-
fall, gradient, and horizontal curvature. As fur-
ther enhancements are required they can be added to
the ‘system to make it even more effective for rap-
idly surveying the condition of the road network.

Longitudinal profile and rut measurements provide
an assessment of ride quality and indicate struc-
tural condition. Although the high~speed road mon-~
itor does not measure skid resistance directly, its
measurements of road alignment, profile, surface
texture, and rutting can be used to locate poten-
tially hazardous sections of the road network.

The contribution the high-speed road monitor can
make to a maintenance management system has been
briefly discussed, particularly its ability to pro-
vide up~to-date information on the condition of the
network and to direct more specialized equipment to
those distressed areas where its use would be most
cost effective.
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Use of Response-Type Roughness Meters for Pavement
Smoothness Acceptance in Georgia

WOUTER GULDEN, JERRY STONE, AND DENNIS RICHARDSON

The use of response-type, road-roughness-measuring systems as part of surface
tolerance specifications is attracting increasing interest among highway agencies
as a rapid, inexpensive means of measuring the smoothness of roads during and
after construction. Problems such as calibration, vehicle maintenance, and the
repeatability of test results must be taken into account and resolved or mini-
mized when these roughness-measuring systems are used for acceptance or
rejection of projects for smoothness. The Georgia Department of Transporta-
tion has been using road meters in its specifications since 1972 for acceptance
of projects and since 1979 for both rejection and acceptance. The evolution of
the road-roughness-measuring program in Georgia, the calibration and operat-
ing procedures, the current smoothness specifications, and the use of Mays
meter data during construction are described.

The surface smoothness testing program of the Geor-
gia Department of Transportation (DOT) has evolved
over the years from the rolling straightedge to
trailer~mounted Mays ride meters and from testing
for information purposes only to project construc-
tion control and acceptance. Many changes in equip-
ment and procedures were made during this evolution
to enhance the program and to ensure acceptance of
the test results by contractors and project engi-
neers alike.

Before 1966 the rolling straightedge was used to
measure and control pavement roughness, Realizing
the shortcomings of the straightedge in relating
surface profile deviations to ridability, the Geor-
gia DOT began to experiment with the CHLOE profilo~
meter, but it soon became obvious that this device
was too slow to be used in a large-scale program.

In 1968 Georgia began using the Portland Cement
Association (PCA) road meter on a limited basis to
check the roughness of various Interstate projects
and some other selected paving projects. The road
meter was installed in a carry-all type of vehicle,
although it was designed to be installed in a stan-
dard-sized car.

The road-meter program was expanded in 1972 with
the purchase of a PCA meter for each of the seven
highway districts in Georgia so that each paving
project could be monitored during construction.
Each project was also measured for ridability before
construction so that it would be possible to deter-
mine the amount of improvement in ridability after
resurfacing.

The test results had previously been provided to

contractors and project engineers so that they could
become familiar with roughness testing and the re-
sults that were being obtained. In 1972 the Georgia
DOT began using the PCA meter in 1lieu of the
straightedge for acceptance of pavement smoothness
on construction projects. If a project met the PCA
meter specification it was accepted without further
testing, but if it failed to meet these ridability
requirements the failing sections were then retested
with the rolling straightedge. The PCA meter was
therefore used only as an acceptance tool, and any
penalties were assessed based on rolling-straight-
edge results.

The carry-all vehicles were replaced during the
next few years, and each district purchased replace-
ment vehicles independently. By 1976 the meters
were mounted in a variety of vehicle types, such as
suburbans, station wagons, and cars of various sizes
and makes. During this time the PCA meter was still
used for acceptance testing only, and variations in
road profile response from the various vehicles were
unimportant to the contractor because penalties were
still being assessed based on straightedge results.

Monitoring of the results obtained with the PCA
meter and the rolling straightedge showed no consis~-
tent correlation between these two devices. Fre-
quently, a section that failed the PCA meter re~-
quirements would be assessed no penalties based on
the rolling-straightedge method. Sections determined
to be acceptable by the road meter were sometimes
found to have failed the straightedge requirements.
It was obvious that the two devices did not give
compatible results on all types of roads and rough-
ness levels.

In 1975 the decision was made to standardize the
PCA meter so that it could eventually be used for
construction control and entirely replace the roll-
ing straightedge. A testing program was conducted
to compare PCA meter results obtained by various
vehicles. The station wagon was chosen as a standard
test vehicle and a fleet of station wagons was pur-
chased.

Several other changes were made at the same time
in an effort to standardize the equipment and up-~
grade the reliability of the testing program. An
automatic null system was added to all PCA meters,
radial tires were used on all test vehicles, and



